Introduction
============

Interferons (IFNs) are small single-chain glycoproteins, involved in the first line of defense against pathogens such as viruses, bacteria, and parasites. They are also known to have an important role in inhibition of tumor growth and modulation of immune responses.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ Clinically, IFN-α and IFN-β have demonstrated efficacy as treatments against cancer, chronic hepatitis B, and other infectious diseases.^[@bib5],\ [@bib6],\ [@bib7]^ Categorized by the type of receptors they use for signaling, there are three types of IFN (I, II, and III) discovered to date. The type I IFN family includes IFN-α, IFN-β, IFN-ɛ, IFN-κ, IFN-τ, and IFN-ω,^[@bib8],\ [@bib9]^ and signal via the IFNAR1 and IFNAR2 receptor chains. IFN-γ is the sole member of the type II family, signaling through IFNGR1 and IFNGR2. The more recently discovered IFN-λ belongs to the type III family, which consists of three members: IFN-λ1, IFN-λ2, and IFN-λ3,^[@bib9],\ [@bib10],\ [@bib11]^ which signal via a receptor complex involving IL-10R2 and IL-28Ra subunits.^[@bib12]^

The recently discovered IFN-ɛ has been classified into the type I IFN family due to similarity of receptor type, protein structure, and gene locus. The IFN-ɛ consists of 192 amino acids, and the analysis of its protein structure has indicated that IFN-ɛ has overall similarity to IFN-β.^[@bib13]^ Unlike other type I IFNs, IFN-ɛ has found to be expressed constitutively in the lung, brain, small intestine, and reproductive tissues.^[@bib13],\ [@bib14]^ Studies by Peng *et al.*,^[@bib15]^ using aminion-derived WISH cells infected with vesicular stomatitis virus, indicated that IFN-ɛ has less antiviral, anti-proliferative, and natural killer cell enhancing activities compared with IFN-α2b. Matsumiya *et al.*^[@bib16]^ showed that IFN-ɛ is the only type I IFN family member to be expressed by HeLa cells, and its expression was upregulated following TNF-α stimulation. Moreover, seminal plasma was also found to upregulate expression of IFN-ɛ in cervico-vaginal tissues.^[@bib17]^ Therefore, IFN-ɛ is thought to have a protective role in reproductive tissue.

In our laboratory, previously Day *et al.*^[@bib18],\ [@bib19]^ studied the functional and biological properties of IFN-ɛ using a recombinant vaccinia virus (VV) co-expressing HIV gag/pol and murine IFN-ɛ (VV-HIV-IFN-ɛ) compared to IFN-α~4~ and IFN-β. The *in vitro* studies indicated that VV-HIV-IFN-ɛ was able to reduce growth of VV in the L929 murine cell lines, and had enhanced ability to upregulate activation markers CD69 and CD86 as well as antiviral proteins (PKR and 2′5′OAS) compared with the parental control (VV-HIV). However, its antiviral activity was lower than that induced by IFN-α~4~ or β. Interestingly, these studies also revealed that IFN-ɛ was constitutively expressed in the lung and in an allergic BALB/c model, and IFN-ɛ mRNA levels were upregulated compared with the control,^[@bib19]^ suggesting that IFN-ɛ could be involved in mucosal immunity.

When developing control strategies against HIV-1 induction of strong and sustained mucosal immunity is thought to be critical as virus is first encountered at the mucosae (e.g., genito-rectal tissue and gastro-intestinal tract), and the early CD4^+^ depletion occurs in the gut.^[@bib20],\ [@bib21],\ [@bib22]^ Heterologous prime-boost immunization using poxvirus vectors co-expressing molecular adjuvants has shown to induce robust levels of HIV-specific effector and memory T-cell responses to vaccine antigens.^[@bib23],\ [@bib24],\ [@bib25],\ [@bib26],\ [@bib27]^ Ranasinghe *et al.*^[@bib26],\ [@bib28],\ [@bib29],\ [@bib30]^ have shown that, both the order of vector delivery, and the route of delivery could trigger variable magnitudes and avidity of the antigen-specific T cells. They have demonstrated that recombinant fowlpox (rFPV) and vaccinia virus (rVV) intranasal/intramuscular (IN/IM) prime-boost immunization can generate elevated HIV-specific cytotoxic T lymphocytes (CTL) of high avidity in systemic and mucosal compartments compared with purely systemic immunization (IM/IM).^[@bib26],\ [@bib28],\ [@bib29],\ [@bib30]^ Unlike IFN-α~4~ or IFN-β, IFN-ɛ has a unique mucosal constitutive expression profile and also possesses antiviral activity.^[@bib13],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18]^ Therefore, in this study we further investigated (i) the immunobiology of IFN-ɛ and its role in mucosal immunity, especially in the lung and gut, and (ii) whether co-expression of IFN-ɛ together with HIV vaccine antigens could act as an adjuvant to enhance much needed HIV-specific mucosal CTL immunity in gut following IN rFPV/IM rVV prime-boost immunization compared to systemic delivery ^[@bib26],\ [@bib30]^

Results
=======

Intranasal VV-HIV-IFN-ɛ infection generates enhanced VV-specific CD8 CTL in the lung and rapid viral clearance
--------------------------------------------------------------------------------------------------------------

Co-workers Hardy,^[@bib13]^ Chen,^[@bib14]^ and also our own studies^[@bib18],\ [@bib19]^ have demonstrated that IFN-ɛ was constitutively expressed in the lung. Hence, we first evaluated its role in lung-specific immunity. Mice were infected IN with 5 × 10^6^ plaque-forming unit (PFU) control VV-HIV or VV-HIV-IFN-ɛ, and VV-specific T-cell responses in the systemic (spleen) and mucosal (lung) compartments were evaluated by IFN-γ ELISpot. Even though at 7 days post-infection (PI), no differences in the number of spleen IFN-γ^+^CD8^+^ T cells were observed ([Figure 1a](#fig1){ref-type="fig"}), larger spot-forming units were detected following VV-HIV-IFN-ɛ infection compared with VV-HIV ([Figure 1b](#fig1){ref-type="fig"}). Therefore, IFN-γ protein levels were evaluated using enzyme-linked immunosorbent assay ([Figure 1c](#fig1){ref-type="fig"}), and data indicated that VV-HIV-IFN-ɛ-infected mice generated significantly higher spleen IFN-γ levels (60 ng ml^−1^) compared with the control VV-HIV infection (20 ng ml^−1^; \**P*=0.012).

Strikingly at 7 days PI, unlike the other two type I IFNs (α~4~ or β), IN VV-HIV-IFN-ɛ infection induced elevated lung VV-specific CD8^+^ T cell responses measured by IFN-γ ELISpot, following K^d^A52R~75−83~ peptide stimulation ([Figure 1d](#fig1){ref-type="fig"}, left). Intracellular cytokine staining indicated that 100% of these IFN-γ-producing CD8^+^ T cells were also positive for lysosomal-associated membrane protein-1 or CD107a,^[@bib31]^ suggesting they were cytotoxic ([Figure 1d](#fig1){ref-type="fig"}, right). Moreover, CD8^+^ T cells obtained from the VV-HIV-IFN-ɛ-infected lung expressed enhanced activation markers CD69 and CD103 compared with its control or VV-HA-IFN-β or VV-HA-IFN-α~4~ groups ([Figure 1e](#fig1){ref-type="fig"}). Even though at 3 days PI, the VV-HIV-IFN-ɛ-infected group showed only a slight reduction in lung virus titers compared with the control, a rapid clearance of VV was observed by 6 days PI (\*\**P*=0.036) and no detectable viral titers were observed in the lung (note that in these assays 10^2^ PFU is the limit of detection; [Figure 1f](#fig1){ref-type="fig"}). Similarly, with VV-HA-IFN-β no virus was detected. In contrast, VV-HA-IFN-α~4~ group showed very few virus particles just above 10^2^ PFU detection level at 6 days PI (data not shown). This is consistent with our previous observations in ovaries 3 days PI.^[@bib18]^

Hematoxylin and eosin (H&E) staining of VV-HIV-IFN-ɛ-infected lungs at 7 days PI ([Figure 1g](#fig1){ref-type="fig"}, right panels) showed reduced lung inflammation ( × 4 magnification) and high lymphocyte infiltration ( × 60 magnification) to lung alveoli compared with VV-HIV-infected lungs ([Figure 1g](#fig1){ref-type="fig"}, middle panels). The VV-HIV-IFN-ɛ-infected lung morphology at × 4 magnification was very similar to that of the naïve controls ([Figure 1g](#fig1){ref-type="fig"}, left panels), which further substantiated the rapid viral clearance. Interestingly, when we compared the lung morphology of VV-HA-IFN-β ([Figure 1h](#fig1){ref-type="fig"}, middle panels), VV-HA-IFN-α~4~ ([Figure 1h](#fig1){ref-type="fig"}, right panels), and control VV-HA (([Figure 1h](#fig1){ref-type="fig"}, left panels)-infected groups to that of VV-HIV-IFN-ɛ group, at 7 days PI VV-HA-IFN-β- and VV-HA-IFN-α~4~-infected lung showed greater inflammation and lower lymphocyte recruitment compared with VV-HIV-IFN-ɛ group. Collectively, the efficiency of lymphocyte recruitment to lung alveoli was found to be VV-HIV-IFN-ɛ \> VV-HA-IFN-β \> VV-HA-IFN-α~4~ ([Figure 1g and h](#fig1){ref-type="fig"}).

Intranasal VV-HIV-IFN-ɛ infection induced elevated highly functional CD8^+^CD4^+^ double-positive T-cell population in lung lymph nodes
---------------------------------------------------------------------------------------------------------------------------------------

Seven days post VV-HIV-IFN-ɛ infection, twofold higher CD8^+^CD4^+^ double-positive (DP) T-cell population (5.7%) was observed in lung lymph nodes (LLNs) compared with the control VV-HIV infection (1.71%, \**P*=0.039). In naive control group, this population totaled to 0.74% of the CD8^+^ T cells ([Figure 2a](#fig2){ref-type="fig"}). To further understand the functionality of this DP population, we first evaluated whether these CD8^+^CD4^+^ T cells induced by VV-HIV-IFN-ɛ were able to produce VV-specific IFN-γ at effector (7 days) and/or memory (28 days) stage of infection. By 7 days PI, a greatly enhanced IFN-γ^+^CD8^+^CD4^+^ T cell subset was observed in VV-HIV-IFN-ɛ-infected mice compared with the control ([Figure 2b](#fig2){ref-type="fig"}, fluorescence-activated cell sorting (FACS) plots). However, no such differences were observed at 28 days PI compared with 7 days PI ([Figure 2b](#fig2){ref-type="fig"}, bar chart). Similar CD8^+^CD4^+^ T-cell subsets that express memory phenotype and cytokines/chemokines and serine proteases have been reported in previous studies.^[@bib32],\ [@bib33],\ [@bib34],\ [@bib35],\ [@bib36]^ Hence, we further characterized this CD8^+^CD4^+^ positive LLN subset and found that nearly all the DP T cells were CD3^+^ and CD107a^+^, but no granzyme B expression was detected 7 days PI. Also 80% of the DP T cells expressed memory markers CCR7 and 20% were found to be CD62L positive ([Figure 2c](#fig2){ref-type="fig"}).

As CD8^+^CD4^+^ T cells are normally found in the thymus, we then compared thymic DP T cells following infection with VV-HIV and VV-HIV-IFN-ɛ to assess whether VV-HIV-IFN-ɛ could also modulate thymic CD8^+^CD4^+^ T-cell numbers. However, no notable differences were observed between the two groups (results not shown). Then we further investigated whether the presence of CD8^+^CD4^+^ T cells in the LLN was infection route- and/or time-dependent. When different routes of infections were performed, no elevated DP T-cell subset was observed in LLN following IM or intraperitoneal (IP) VV-HIV-IFN-ɛ infection compared with IN infection ([Figure 2d](#fig2){ref-type="fig"}, left). Next we assessed whether the CD8^+^CD4^+^ T cells induced by IN VV-HIV-IFN-ɛ infection was transient or long-lasting by evaluating the responses at 3, 7, and 28 days PI. At 3 days, no difference in CD8^+^CD4^+^ population was observed between the two groups; however, highly enhanced number of CD8^+^CD4^+^ T cells were observed at 7 days PI (∼6%) in VV-HIV-IFN-ɛ group, and this was reduced to around 2% by 28 days ([Figure 2d](#fig2){ref-type="fig"}, right). Interestingly, this correlated well with increased numbers of IFN-γ-producing lung T cells and the rapid viral clearance in lung at 7 days PI ([Figure 1d, f and g](#fig1){ref-type="fig"}). Given the above findings, we subsequently tested whether the CD8^+^CD4^+^ T-cell population could also be detected in the lung itself. At 7 days PI, the number of lung CD8^+^CD4^+^ T cells in each infected group was similar ([Figure 2e](#fig2){ref-type="fig"}, left), but mice infected with VV-HIV-IFN-ɛ generated twice the number of IFN-γ^+^CD8^+^CD4^+^ T cells (∼5%) compared with the control (∼2%) at day 7, but not at 28 days PI ([Figure 2e](#fig2){ref-type="fig"}, right).

Then we evaluated whether this elevated LLN CD8^+^CD4^+^ T-cell population could also be found following VV-HA-IFN-β and VV-HA-IFN-α~4~ infections. For this study we used the same VV constructs that were used in our previous comparative studies.^[@bib18]^ Data indicated that even though IFN-β did not induce an elevated CD8^+^CD4^+^ DP T-cell subset, VV-HA-IFN-α~4~ infection induced much greater CD8^+^CD4^+^ T-cell subsets compared with the control VV-HA ([Figure 2f](#fig2){ref-type="fig"}). Interestingly, unlike VV-HIV-IFN-ɛ the DP cells induced by both VV-HA-IFN-β and VV-HA-IFN-α~4~ found to be CD3^lo^ (20%), CD62L^hi^ (80%), and CCR7 negative ([Figure 2g and h](#fig2){ref-type="fig"}).

Intranasal VV-HIV-IFN-ɛ infection induces gut-specific K^d^A52R~75−83~ tetramer reactive CD8^+^ T cells in Peyer\'s patch
-------------------------------------------------------------------------------------------------------------------------

As IFN-ɛ was originally found in the small intestine and reproductive tissues,^[@bib13],\ [@bib14]^ 7 days post IN infection with VV-HIV-IFN-ɛ, VV-HIV-IFN-β, VV-HIV-IFN-α~4~, and the respective controls the VV-specific CD8^+^ T cell response in Peyer\'s patch (PP) were evaluated using K^d^A52R tetramer staining together with gut-specific homing marker analysis. Data clearly indicated that IN VV-HIV-IFN-ɛ infection induced greatly elevated numbers of VV-specific CD8^+^ T cells compared with the control VV-HIV ([Figure 3a and b](#fig3){ref-type="fig"}). These T cells also showed twofold higher expression frequency of α4β7 and CCR9 in PP ([Figure 3c](#fig3){ref-type="fig"}). In contrast, both IFN-β and IFN-α~4~ infections did not induce any such enhancement in gut-specific T cells ([Figure 3d, e, f and g](#fig3){ref-type="fig"}).

Intranasal delivery of IFN-ɛ can generate elevated effector K^d^Gag~197−205~-specific T-cell responses in the mucosae
---------------------------------------------------------------------------------------------------------------------

The above results indicate that when IFN-ɛ is delivered IN it can affect the cell milieu at the mucosae, and potentiate the generation of VV-specific CTL. In previous studies we have shown that rFPV is an excellent mucosal (IN or intrarectal) delivery vector.^[@bib26],\ [@bib30],\ [@bib37]^ Therefore, we next evaluated the adjuvant activity of IFN-ɛ on the encoded vaccine antigen HIV gag/pol, using a recombinant FPV and VV prime-boost strategy (FPV-HIV-IFN-ɛ/VV-HIV-IFN-ɛ). In this study, we mainly investigated whether co-expression of IFN-ɛ could act as a trigger to generate enhanced mucosal T-cell immunity specifically in gut. Mice were primed IN or IM with FPV-HIV or FPV-HIV-IFN-ɛ and boosted IM with VV-HIV or VV-HIV-IFN-ɛ, respectively, and K^d^Gag~197−205~-specific CD8^+^ T-cell immune response evaluated in the spleen, lung, PP, and genito-rectal nodes (GNs) 2 weeks following the booster immunization. Results indicate that IN/IM prime-boost vaccination with IFN-ɛ co-expression generated significantly enhanced K^d^Gag~197−205~-specific T cells in the spleen (\**P*=0.033), PP, and GN, but not in the lung, compared with the control vaccination ([Figure 4a](#fig4){ref-type="fig"}). Conversely, when IFN-ɛ was used as a systemic adjuvant (IM/IM), a decrease in K^d^Gag~197−205~-specific T-cell numbers was observed in all mucosal compartments compared with the control vaccination ([Figure 4b](#fig4){ref-type="fig"}). However, independent of IFN-ɛ co-expression overall, the IM/IM immunization strategy induced greater T-cell responses in PP compared with the IN/IM strategy ([Figure 4a and b](#fig4){ref-type="fig"}). Therefore, we assessed the expression frequency of gut-specific homing markers α4β7 and CCR9 on these K^d^Gag~197−205~-specific T cells to evaluate whether following IM/IM delivery the T cells could transiently migrated from systemic compartment to the mucosal compartment. Homing marker analysis clearly indicated that the control vaccine delivered IN/IM generated elevated gut HIV-specific T cells compared with IM/IM strategy ([Figure 5c](#fig5){ref-type="fig"}). However, when IFN-ɛ was used as an adjuvant, elevated numbers of HIV-specific CD8^+^ T cells expressing homing markers α4β7 (60--66%) and CCR9 (68--73%) were induced in gut independent of the route of vaccine delivery ([Figure 5a--c](#fig5){ref-type="fig"}). Collectively, our comparative studies indicate that the gut-specific homing was associated with IFN-ɛ, but not IFN-α~4~ or IFN-β ([Figure 3a--g](#fig3){ref-type="fig"}).

IFN-ɛ used as an adjuvant in IN/IM immunization can enhance IFN-γ^+^CD8^+^ T cells but not avidity
--------------------------------------------------------------------------------------------------

Studies were then performed to evaluate whether IFN-ɛ used as an IN adjuvant could also enhance mucosal CTL cytokine expression or alter CTL avidity. Mice were primed IN or IM with FPV-HIV or FPV-HIV-IFN-ɛ and boosted IM with VV-HIV or VV-HIV-IFN-ɛ, and IFN-γ^+^CD8^+^ T-cell responses were evaluated by intracellular cytokine staining in spleen, lung, PP, and GN 2 weeks post booster immunization. Both vaccination strategies showed no difference in IFN-γ-producing T-cell numbers in spleen in the presence or absence of IFN-ɛ ([Figure 6a and b](#fig6){ref-type="fig"}). In contrast, IN FPV-HIV-IFN-ɛ/IM VV-HIV-IFN-ɛ-immunized group showed elevated IFN-γ^+^CD8^+^ T cells in PP and GN ([Figure 6a](#fig6){ref-type="fig"}), also three times higher interleukin (IL)-2^+^CD8^+^ T cells were observed in GN ([Figure 6c](#fig6){ref-type="fig"}). However, following IM/IM immunization, a reduction in the numbers of IFN-γ-producing CTL were observed in all mucosal compartments tested ([Figure 6b](#fig6){ref-type="fig"}). In previous studies we have found that IN/IM prime-boost immunization can generate high-avidity CTL.^[@bib29]^ Hence, to evaluate whether IFN-ɛ had any effect on T-cell avidity both in systemic and/or mucosal compartments, CTL avidity was measured in the spleen ([Figure 6d](#fig6){ref-type="fig"}) and lung (data not shown) using tetramer dissociation assay, as described in methods. Results showed that, expression of IFN-ɛ did not impact on the K^d^Gag-specific T-cell avidity.

Co-expression of IFN-ɛ does not generate enhanced memory CTL response
---------------------------------------------------------------------

It is well established that when designing effective vaccines, long-lasting memory T-cell responses are critically important. As, in the current studies, the co-expression of IFN-ɛ induced elevated mucosal effector T-cell responses following IN/IM prime-boost immunization, the memory HIV-specific T-cell responses were also evaluated at 8 weeks following the booster immunization. However, results show that IFN-ɛ does not potentiate a sustained mucosal or systemic K^d^Gag~197−205~-specific CTL response ([Figure 7a and b](#fig7){ref-type="fig"}). This is also consistent with our immunobiology studies, in which no VV-specific responses were detected at 28 days ([Figure 2b, d](#fig2){ref-type="fig"} right, and [Figure 2e](#fig2){ref-type="fig"} right).

Discussion
==========

IFN-ɛ is found in the brain, lung, intestine, and reproductive tissues, and molecular and protein structure studies have found IFN-ɛ to be present both in mice and humans.^[@bib13],\ [@bib15],\ [@bib16],\ [@bib17]^ Peng *et al.*^[@bib15]^ were the first to evaluate antiviral activity of IFN-ɛ *in vitro* and they found that IFN-ɛ elicited lower antiviral activity to that of IFN-α. In our previous studies when VV expressing IFN-α~4~, IFN-β, and IFN-ɛ were injected systemically (intravenous or IP) and vaccinia viral titers were evaluated 3 days PI in ovaries, magnitude of the antiviral activity across the type I IFN family were in the order of IFN-β \> IFN-α~4~ \> IFN-ɛ.^[@bib18]^ The unique constitutive expression of IFN-ɛ in the lung,^[@bib13],\ [@bib14],\ [@bib18],\ [@bib19]^ reproductive tract,^[@bib17]^ and intestinal^[@bib14],\ [@bib15]^ mucosae made us postulate that unlike other type I IFNs, IFN-ɛ may have a role in mucosal immunity.^[@bib19]^ Therefore, by delivering IFN-ɛ intranasally we then investigated whether IFN-ɛ could induce any protective mucosal immunity. Following IN VV-HIV-IFN-ɛ infection, no difference in VV-specific IFN-γ^+^CD8^+^ T-cell numbers were observed in the spleen; however, larger spot-forming units were detected in the VV-HIV-IFN-ɛ group compared with the VV-HIV control. IFN-γ enzyme-linked immunosorbent assay confirmed that although there were no differences in the total numbers of the IFN-γ-expressing T cells, VV-HIV-IFN-ɛ induced increased IFN-γ levels in the spleen.

In our previous studies we also found elevated IFN-ɛ mRNA levels in an allergic BALB/c lung model compared with control BALB/c lung, and the levels were found to be IFN-α~4~\>IFN-β\>IFN-ɛ.^[@bib19]^ Interestingly, in the current immunobiology studies IN VV-HIV-IFN-ɛ delivery induced greatly elevated CD8^+^CD107a^+^IFN-γ^+^ T-cell responses in the lung compared with VV-HA-IFN-α~4~ and VV-HA-IFN-β infections. Following IN delivery when the lung CD8 responses were further evaluated, expression of the early activation marker CD69 and slow onset activation marker CD103 on the CD8^+^ T cells were found to be upregulated only in the VV-HIV-IFN-ɛ group, but not in VV-HA-IFN-α~4~ or VV-HA-IFN-β groups. Several other studies have shown that CD69^+^CD103^+^CD8^+^ T cells can trigger lung-specific CTL recruitment and promote better surveillance of lung,^[@bib38],\ [@bib39]^ which is consistent with our 6 days PI H&E lung staining data, where the pathology and inflammation observed were found to be naive ≤VV-HIV-IFN-ɛ\<VV-HA-IFN-β\<VV-HA-IFN-α~4~\<control infection. This correlates with rapid VV clearance in lung at 6 days PI, following IN VV-HIV-IFN-ɛ infection compared with the VV-HIV control and also the very low viral titers (just above detection level) detected in the VV-HA-IFN-α~4~-infected group.

Furthermore, an elevated route-dependent CD8^+^CD4^+^ DP T-cell subset was observed in LLN, following IN VV-HIV-IFN-ɛ infection compared with the control VV-HIV. This LLN DP T-cell population peaked at 7 days PI and then declined to similar levels to that observed in the control infection at day 28. Interestingly, this enhanced LLN-specific CD8^+^CD4^+^ DP T-cell population was also detected in VV-HIV-IFN-α~4~ group, but the DP T-cell numbers were found to be lower than that of IFN-ɛ group. In contrast, no enhanced CD8^+^CD4^+^ DP T cells were found following VV-HIV-IFN-β infection. Induction of similar antigen-specific, functional/cytotoxic CD8^+^CD4^+^ T-cell subset has been observed and reported following some virus and parasitic infections.^[@bib35],\ [@bib40]^ DP T cells that secrete cytokines have also been reported in peripheral blood and intestinal sites, especially lamina propria at early stage of viral infection.^[@bib32],\ [@bib41],\ [@bib42]^ In viral infections, such as Simian Immunodeficiency Virus and Epstein--Barr virus, circulating CD8^+^CD4^+^ effector T cells composing up to 20% of total T-cell number have been reported in macaques.^[@bib34],\ [@bib43]^ In autoimmunity and chronic inflammatory disorders, similar functional CD8^+^CD4^+^ T cells have also been detected.^[@bib44]^ In our studies, only the mice that received VV-HIV-IFN-ɛ elicited higher vaccinia-specific IFN-γ^+^CD8^+^CD4^+^ T cells in LLN at 7 days PI, and they were found to be CD3^hi^ and also cytotoxic (CD107a^hi^).^[@bib31]^ Similarly a IFN-γ^+^CD8^+^CD4^+^ T-cell population was also observed in lung. These observations clearly suggested that IFN-ɛ-induced functional and cytotoxic DP T cells are very similar to that reported by other groups.^[@bib33],\ [@bib35]^ Interestingly, VV-HA-IFN-α~4~ and VV-HA-IFN-β induced CD3^lo^ DP T cells, which indicated that these DP T cells were most likely distinctly different to that observed following VV-HIV-IFN-ɛ infection. The above IFN-α~4~- and IFN-β-induced DP T-cell population was very similar to the unusual T-cell-like lymphocyte population (CD8^+^CD4^+^CD3^−^), reported by Penttila *et al.*^[@bib45]^ in the lung during the early stage of IN *Chlamydia pneumniae* and *influenza A* infections, that did not produce IFN-γ. They also suggested that lung-derived CD8^+^CD4^+^CD3^−^ cells have a distinct function to that of lamina propria--derived CD8^+^CD4^+^CD3^+^ T cells^[@bib32],\ [@bib41],\ [@bib42]^ and that they may secrete different inflammatory cytokines.^[@bib45]^

Interestingly, the IFN-ɛ-induced DP T-cell population was CD62L^lo^ and CCR7^hi^, whereas VV-HA-IFN-α~4~ and VV-HA-IFN-β infection induced a DP T-cell population that was CD62L^hi^, but did not express CCR7. In general, CCR7 is known to be an important chemokine receptor that mediates T-cell migration to secondary lymphoid organs.^[@bib46]^ However, whether CCR7 has any role in DP T-cell migration to specific tissues or lymphoid organs is not yet known. In our studies we have clearly observed a difference in the CD8^+^CD4^+^ T-cell populations induced by IFN-ɛ compared with IFN-α~4~ or IFN-β. Our data indicate that following IFN-ɛ infection the heightened CCR7 expression together with increased IFN-γ production by CD8^+^CD4^+^ T cells may contribute to the enhanced lymphocyte recruitment and the reduced inflammation in the lung. We believe this warrents further investigation.

In summary, above data indicate that IN delivery of IFN-ɛ is able to induce an antiviral state and a functional/cytotoxic CD8^+^CD4^+^ T-cell population in the lung mucosae. The H&E staining clearly indicates that these factors most likely contributed to the enhanced lung-specific effector T-cell response and viral clearance. Hence, our findings substantiate previous reports that IFN-ɛ has a unique role in lung mucosae, compared with the other type I IFNs.^[@bib13],\ [@bib14],\ [@bib18]^ This potentially opens the doors to the development of new, IFN-ɛ-based therapies for the control of infections in the lung such as pulmonary chlamydia, tuberculosis, or chronic influenza.

We have also found that IN VV-HIV-IFN-ɛ infection could induce not only elevated VV-specific (K^d^A52R-specific) CD8^+^ T cells in PP (1.29%), but these were also gut-specific, as the expression frequency of α4β7 and CCR9 were much greater compared with the control. This gut-specific homing was unique to IFN-ɛ, as the other two type I IFNs tested did not show any such responses. As in our immunobiology studies, IFN-ɛ induced effective VV clearance in the lung mucosae and also excellent VV-specific CD8^+^ T cells in gut, we then assessed whether IFN-ɛ could be used as an adjuvant to induce mucosal HIV-specific CD8^+^ T-cell immunity, especially in the gut mucosae.

In our previous studies, Day *et al.*^[@bib18]^ have shown that, when IFN-ɛ was delivered in the prime but not in the booster vaccination (IM VV-HIV-IFN-ɛ/IM FPV-HIV), no enhanced HIV Gag-specific T-cell responses or IFN-γ-producing CD8^+^ T cells were observed in the spleen. Our consequent studies have now clearly established that only IN rFPV/IM rVV delivery can generate excellent systemic and mucosal CTL immunity, but rVV prime followed by rFPV booster vaccination does not induce effective antigen-specific T-cell immunity^[@bib26],\ [@bib30]^ (C Ranasinghe *et al.*, in preparation). Therefore, in this study we have delivered IN FPV-HIV-IFN-ɛ followed by IM VV-HIV-IFN-ɛ, where IFN-ɛ was also given both in the prime and the booster vaccination and have demonstrated that it can induce elevated K^d^Gag-specific effector CD8^+^ T-cell responses in the spleen, PP, and GN. No significant responses were observed in the lung 14 days post booster immunization, which is consistent with the immunobiology studies, where elevated lung responses were only observed at 7 days not 28 days PI. In contrast, the IM/IM delivery of IFN-ɛ elicited a reduction of K^d^Gag-specific T cells in all the mucosal compartments compared with the control vaccination.

Interestingly, we also found that following IM/IM delivery in PP both control and IFN-ɛ vaccine strategies were able to activate a greater number of HIV-specific T cells compared with IN/IM strategy. One point of debate in the literature is whether systemic vaccine delivery has the capacity to generate long-lasting mucosal immunity.^[@bib47],\ [@bib48]^ Kaufman *et al.*^[@bib47]^ have indicated that antigen-specific CD8^+^ T cells could traffic to mucosal surface following IM delivery. Our results clearly indicated that following IM delivery, even though elevated K^d^Gag-specific T cells were observed in the mucosae following control vaccination, these CD8^+^ T cells most likely were temporarily migrating from the blood compartment, as these did not express α4β7 and CCR9 (gut-specific homing markers). However, animals that received IFN-ɛ following IN/IM or IM/IM vaccination were able to induce K^d^Gag-specific T cells with higher levels of α4β7 and CCR9, compared with the respective controls. Thus, our data clearly indicate that the presence of IFN-ɛ in the cell milieu can induce elevated numbers of antigen-specific T cells that home to gut mucosae. We believe the mechanism governing this induction warrants further investigation. Our observation also indicates that when evaluating vaccine-specific mucosal immunity analysis of mucosal homing markers together with tetramer staining could be of great importance.

In conclusion, our studies clearly demonstrate that unlike IFN-α or IFN-β, novel IFN-ɛ has a unique antiviral role in the mucosae. In this study we have shown that irrespective of the route of vaccine delivery IFN-ɛ can induce good gut-specific CD8^+^ T-cell immunity. As the gut is the primary site of HIV virus replication and CD4^+^ T-cell depletion,^[@bib22]^ we believe a compound that can prevent HIV viral replication or clearance in the gut and/or genito-rectal mucosae could be of great importance in controlling HIV-1 infection. Both our immunobiology and adjuvant studies indicate that the IFN-ɛ induces a localized mucosal immune response that is short-lived. Therefore, we believe that, more than a vaccine adjuvant its utility as a topical microbicide to prevent or reduce mucosally related infections, such as tuberculosis, HIV-1 or other sexually transmitted diseases at the first line of defense, would be an area of future investigation.

Methods
=======

**Animal source.** Female pathogen-free 7- to 9-week-old BALB/c (H-2^d^) mice were obtained from the Animal Breeding Facility, The Australian National University (ANU). All mice were maintained and used in accordance with animal ethics and experimentation guidelines of ANU.

**Structure of recombinant poxvirus vaccine.** Recombinant VV and rFPV virus used in the study were VV-HIV, VV-HIV-IFN-ɛ, VV-HA, VV-HA-IFN-α~4~, and VV-HA-IFN-β constructed, as described by Day *et al.*,^[@bib18]^ FPV-HIV (FPV-086) as described by Coupar *et al.*^[@bib50]^, and FPV-HIV-IFN-ɛ was constructed in our laboratory using pAF09, as described by Heine and Boyle.^[@bib51]^

**Infection and immunizations.** Mice (*n*=4--5) were infected intranasally (IN), intramuscularly (IM), and intraperitoneally (IP) with 5 × 10^6^ PFU VV-HIV or VV-HIV-IFN-ɛ for 7 days. Ten to twenty microliter virus per mouse IN, 50 μl per quadriceps IM, or 100 μl per mouse IP were delivered. Similarly for comparative immunobiology studies VV-HA, VV-HA-IFN-β, and VV-HA-IFN-α~4~ were used, note that these were the same constructs that were used in Day *et al.*^[@bib18]^ For prime-boost immunization studies, mice were given 1 × 10^7^ PFU of FPV-HIV or FPV-HIV-IFN-ɛ followed by 1 × 10^7^ PFU of VV-HIV or VV-HIV-IFN-ɛ 2 weeks later, using either combined mucosal systemic IN/IM or pure systemic IM/IM immunization routes, and the effector and memory T-cell responses were measured 2 or 8 weeks post booster immunization, respectively. Mice were anesthetized either under mild methoxyfluorane for IN or avertin for IM delivery. All viruses were diluted in sterile phosphate-buffered saline (PBS) and then sonicated, to obtain homogeneous viral suspensions before delivery.

**Lung virus titration.** Mice were IN infected with 5 × 10^6^ PFU of VV-HIV, VV-HIV-IFN-ɛ for 3 and 6 days, similarly VV-HA, VV-HA-IFN-β, and VV-HA-IFN-α~4~ for 6 days. Whole lungs were collected and cells were disrupted by dissociation through cell strainers. Recovered cells were then homogenized and titrated as follows. Cells (143B) were seeded onto six-well plates (Linbro Chemical, New Haven, CT) and incubated overnight until 90% confluency was reached. Homogenized lung cells were digested with an equal volume of trypsin at 37 °C for 30 min. Tenfold titrations of the virus were done in sterile PBS, and media was removed from wells, the dilutions were plated onto 143B cells and incubated at 37 °C with 5% CO~2~ for up to 1 h. Following incubation, 2 ml of modified Eagle\'s medium (supplemented with 5% fetal calf serum, 10 m[M]{.smallcaps} 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 30 μg ml^−1^ penicillin) was added back to each well and cells were incubated for further 48 h. Cells were then stained with 0.1% crystal violet in 20% ethanol to visualize plaques and enumerate virus titers.

**H&E staining.** Mice were IN infected with 5 × 10^6^ PFU of VV-HIV, VV-HIV-IFN-ɛ, VV-HA, VV-HA-IFN-β, and VV-HA-IFN-α~4~ at 7 days PI, whole lungs were collected in 10% Neutrac-buffered formalin. H&E staining was performed at The John Curtin School of Medical Research (JCSMR)-MCRF (Microscopy and Cytometry Research Facility). Uninfected naive mice were used as controls. Images were analyzed by Olympus Microscope at × 4 and × 60 magnification, respectively.

**Mucosal and systemic lymphocytes preparation.** Immunized mice were killed by CO~2~ asphyxiation, and spleen, GN (or iliac lymph nodes), LLN (or mediastinal lymph nodes), lung, and PP were harvested and single-cell suspensions prepared as described previously.^[@bib26]^ Briefly, spleen cells were dissociated through a nylon cell strainer and then resuspended in red blood cell lysis buffer (0.15 m[M]{.smallcaps} NH~4~Cl, 10.0 m[M]{.smallcaps} KHCO~3~, 0.1 m[M]{.smallcaps} Na~2~EDTA) at room temperature for 10 min to lyse the red blood cells. The cells were washed, and suspended in complete RPMI (RPMI supplemented with 7% fetal calf serum, 1 m[M L]{.smallcaps}-glutamine, 20 m[M]{.smallcaps} 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 30 μg ml^−1^ penicillin, 50 μg ml^−1^ streptomycin, 2 m[M]{.smallcaps} sodium pyruvate (Gibco-Invitrogen, Auckland, NZ), and 50 μ[M]{.smallcaps} 2-mercaptoethanol (Sigma, St Louis, MO), and kept at 4 °C until use. Similarly, mucosal lymphocytes (GN, LLN and PP) were prepared as for spleen without the red cell lysis step.

Lung samples were first cut into small pieces and digested in 1 ml of complete RPMI buffer containing 2 mg ml^−1^ collagenase (Sigma), 2.4 mg ml^−1^ dispase (Gibco), and 5 Units ml^−1^ DNAse (Calbiochem, Long Beach, CA) at 37 °C for 1 h with gentle vortexing every 10--15 min. The digestion solution was then filtered through a cell strainer, and the pieces were further mashed and rinsed with complete RPMI. Following centrifugation, erythrocytes were lysed as above. The sample was further filtered through sterile gauze to remove connective tissue and debris, centrifuged and final single-cell suspensions were prepared. Lung cell suspensions were kept at 37 °C for minimum of 12 h following digestion to allow for recovery prior to performing assays, as we have observed that digestion can downregulate expression of some surface markers such as CD4 and CD8.

**IFN-γ and IL-2 ELISpot assay.** The IFN-γ or IL-2 ELISpot assay was used to measure VV or HIV-specific CD8^+^ T-cell responses as described in Ranasinghe *et al.*^[@bib26]^ Briefly, 96-MultiScreen HTS filter plates (Millipore, Cork, Ireland) were precoated with 5 μg ml^−1^ purified rat anti-mouse IFN-γ or IL-2 capture antibody (BioLegend, San Diego, CA) in PBS. Splenocytes and lung lymphocytes (2 × 10^5^ cells per well) were stimulated with 5 μg ml^−1^ immunodominant H-2K^d^ CD8^+^ T-cell epitope HIV-Gag~197−205~ (AMQMLKETI) or VV-A52R~75−83~ (KYGRLFNEI), respectively (synthesized at the Bio-Molecular Resource Facility, JCSMR, ANU), 5 μg ml^−1^ ConA (Sigma-Aldrich, Rockville, MD), or were left unstimulated. After 24 h or 12 h incubation for IFN-γ or IL-2, cells were washed and incubated for 2 h at room temperature with 1:1,000 biotinylated rat anti-mouse IFN-γ antibody (BD Pharmingen, San Diego, CA) diluted in 1% bovine serum albumin/PBS, and further incubated for 1.5 h with 1:1,000 streptavidin alkaline phosphatase (Amersham Life Science, Buckinghamshire, UK). Spot-forming units were developed using BCIP/NBT alkaline phosphatase substrate (Moss Inc., Pasadena, MD) and counted using ELISpot Bioreader-4000 PRO-X (BIOSYS, GmbH, Germany). Results are representative of spot-forming units per 10^6^ CD8^+^ T cells minus the background count. Data are representative of at least three experiments.

**Surface marker detection.** To detect surface marker expression, 2 × 10^6^ lymphocytes were incubated with directly labeled antibodies diluted in FACS buffer (PBS+2% fetal calf serum), for 30 min on ice in the dark. The antibodies used in the study were CD8-APC, CD4-PerCP (BD Pharmingen), CD69-PE (BD Pharmingen), and CD103-FITC (eBioscience, San Diego, CA), as well as CD8-APC, CD4-PerCP together with CD3-PE, or CD8-APC, CD4-FITC together CCR7-PE, CD62L-PerCPcy5.5 (BioLegend or BD Pharmingen). The stained cells were washed and fixed with 0.5% paraformaldehyde buffer prior to analysis. A total of 100,000 gated events of each sample were acquired by four-colour FACS Calibur flow cytometer (Becton-Dickinson, San Diego, CA), and analyzed using Cell Quest Pro software (Becton-Dickinson).

**Intracellular cytokine analysis.** Intracellular cytokine staining was used to assess IFN-γ or granzyme-producing VV or HIV-specific CD8T cells, as described in Ranasinghe *et al.*^[@bib26],\ [@bib29]^ Lymphocytes (2 × 10^6^) per well were seeded in a 96-U-bottom plate and stimulated with the VV-K^d^A52~75−83~ (KYGRLFNEI) or HIV-K^d^Gag~197−205~ (AMQMLKETI) peptide at 37 °C for 16 h, and further incubated with Brefeldin A (eBioscience) for 4 h. Cells were surface stained with CD8-APC (BD Pharmingen) and/or CD4-PerCP for 30 min on ice, then fixed and permeabilized prior to IFN-γ-FITC (eBioscience), and/or CD107a-PE (BD Pharmingen)/or granzyme B-APC (eBioscience) intracellular staining for 30 min at 4 °C. A total of 100,000 gated events per sample were collected using FACS Calibur flow cytometer (Becton-Dickinson), and results were analyzed using Cell Quest Pro software. Unstimulated background was subtracted from the data.

**Tetramer staining.** Lymphocytes (2 × 10^6^) were incubated with CD8-FITC or PerCPcy5.5 (BD Pharmingen, San Diego, CA) and allophycocyanin (APC)-conjugated HIV-specific K^d^Gag~197−205~ or VV-specific K^d^A52R~75−83~ tetramer (synthesized at the Bio-Molecular Resource Facility, JCSMR) at room temperature for 45 min in the dark. When homing marker analysis was performed, the cells were also staining with α4β7-PE and/or CCR9-FITC. Cells were washed, fixed with 0.5% paraformaldehyde and 200,000 total gated events were acquired for each of the sample by FACsCalibur flow cytometer (Becton-Dickinson), and results analyzed using Cell Quest Pro software. Note that [Figures 3g](#fig3){ref-type="fig"} and [5c](#fig5){ref-type="fig"} the bar graphs, homing marker expression was calculated out of the total CD8^+^K^d^Gag^+^ or CD8^+^K^d^A52R^+^ T-cell population, respectively, as follows: (example, IN FPV-HIV/IM VV-HIV immunization group the K^d^Gag~197−205~ tetramer-specific T-cell population=0.28% ([Figure 5a](#fig5){ref-type="fig"}). If this value was considered as 100%, the frequency of α4β7 or CCR9 in this population was calculated as 100/0.28 × 0.16=57% or 100/0.28 × 0.14=50%, respectively ([Figure 5c](#fig5){ref-type="fig"}).

**Tetramer dissociation assay.** Tetramer dissociation was used to measure the avidity of T cells, as described in Ranasinghe *et al.*^[@bib29]^ Briefly, 2 × 10^6^ cells were stained with FITC-anti CD8α and APC-K^d^Gag~197−205~ tetramer as described above, and an anti-H-2K^d^ competitive binding antibody (BD Pharmingen) was added. At 10, 30, and 60 min, cells were transferred into cold FACs buffer (PBS+2% FCS) to stop the reaction, and then cells were washed, and resuspended in 100 μl of 0.5% paraformaldehyde buffer for analysis as above.

**IFN-γ enzyme-linked immunosorbent assay.** Splenocytes (2 × 10^6^) were cultured in 200 μl of complete RPMI in the presence of K^d^A52R~75−83~-specific peptide at 37 °C for 16 h, or were left unstimulated. Supernatants were collected and tested for IFN-γ production using the mouse IFN-γ ELISA Kit II (BD Bioscience) as per manufacturer\'s instructions. Absorbance was read using a Thermo Max Microplate Reader at 450 nm, and standard curves used to calculate the IFN-γ levels.

**Statistical analysis.** Standard deviation (s.d.) was calculated and *P*-values determined using two-tailed, two sample equal variance or unequal variance Student\'s *t*-test. All the experiments have been repeated at least three times with 4--6 mice per group. The *P*-value of \<0.05 was considered significant. When GNs, PP, LLN, or lung were used, the data represent a pooled values of 4--6 mice. Owing to the small mucosal sample size, it was often not possible to process the tissues and obtain enough cells to perform assays in individual mice. Where possible we have calculated statistics using average values of three separate experiments.
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![Anti-vaccinia CD8^+^ T-cell response in spleen and lung at 7 days post IN infection of type I IFNs. Mice (*n*=4--5) per group were infected with 5 × 10^6^ PFU of VV-HIV, VV-HIV-IFN-ɛ, VV-HA, VV-HA-IFN-β, and VV-HA-IFN-α~4~. (**a**) Spleen and (**d**) lung cells were stimulated with vaccinia-specific K^d^A52R~75−83~ (KYGRLFNEI) peptide described as in Methods, and IFN-γ-producing T-cell responses were measured by IFN-γ ELISpot and/or ICS. (**b**) Picture represents four wells of an ELISpot plate, dots represent IFN-γ spot-forming unit (SFU) in spleen, and (**c**) bar chart represents IFN-γ protein levels measured by enzyme-linked immunosorbent assay (ELISA) following VV-HIV-IFN-ɛ or VV-HIV infection, upon re-stimulation with K^d^A52R~75−83.~ (**e**) Histogram analysis of CD69 and CD103 surface markers on lung CD8^+^ T cells (gated on total CD8^+^ T cells). (**f**) Lung VV titers at days 3 and 6 following IN VV-HIV or VV-HIV-IFN-ɛ infection. The dotted line indicates the limit of detection of the assay, which is \<10^2^ PFU. (**g**) Lung H&E staining of uninfected naive control and VV-HIV and VV-HIV-IFN-ɛ IN-infected mice, (**h**) Lung H&E staining of VV-HA, VV-HA-IFN-β, and VV-HA-IFN-α~4~ IN-infected mice 7 days PI. Images were analyzed by Olympus Microscope at × 4 (top) and × 60 (bottom) magnification, respectively. The × 60 magnification represents the boxed area at the top. Error bars represent ±s.d. APC, allophycocyanin; HA, hemagglutinin; H&E, hematoxylin and eosin; ICS, intracellular cytokine staining; IFN, interferon; IN, intranasal; PI, post infection; intranasal; VV, vaccinia virus.](mi201235f1){#fig1}

![Intranasal VV-HIV-IFN-ɛ infection can induce functional and cytotoxic CD8^+^CD4^+^ double-positive CTL in LLN. BALB/c mice (*n*=5--6) per group were IN infected with 5 × 10^6^ PFU of VV-HIV, VV-HIV-IFN-ɛ, VV-HA, VV-HA-IFN-β, and VV-HA-IFN-α~4~, and unimmunized mice were used as naive controls. (**a**) FACS plots represent one pooled experiment (left to right: naive, VV-HIV, and VV-HIV-IFN-ɛ), and bar chart on the right indicates average values from three individual pooled experiments. Upper right quadrants (R3) indicate the percentage of CD8^+^CD4^+^ DP T cells out of total CD8^+^ T-cell population (R2) in LLN. (**b**) FACS plot represent percentage of IFN-γ^+^CD8^+^CD4^+^ T cells (out of total DP population--R3) at 7 days PI (28 days is not shown), following VV-HIV (left) and VV-HIV-IFN-ɛ (right) infections. The cells were stimulated for 16 hrs with K^d^A52R~75−83~-specific peptide (bottom FACS plots) and unstimulated cells were used as background controls (top FACS plots). The bar chart below represents the percentage of IFN-γ^+^CD8^+^CD4^+^ T cells at 7 and also 28 days PI, and the plotted data indicate A52R~75−83~ stimulated minus the unstimulated values. (**c**) CD107a, CD3, CCR7 and CD62L expression on CD8^+^CD4^+^ DP T cells (R3) following VV-HIV-IFN-ɛ infection. (**d**) The left graph indicates the percentage of CD8^+^CD4^+^ T cells in LLN following IN, IM, and IP VV infection. The right graph represents the percentage of CD8^+^CD4^+^ T cells in the LLN at 3, 7, and 28 days post IN infection. (**e**) Percentage of CD8^+^CD4^+^ T cells (left), and IFN-γ^+^CD8^+^CD4^+^ T cells (right) in lung at 7 and 28 days post IN infection. (**f**) FACS plots from left to right represent percentage of LLN CD8^+^CD4^+^ population obtained with VV-HA, VV-HA-IFN-β, and VV-HA-IFN-α~4~-infected groups, respectively. (**g** and **h**) Surface markers CD107a, CD3, CCR7, and CD62L expression on CD8^+^CD4^+^ DP T cells (R3) following VV-HA-IFN-β and VV-HA-IFN-α~4~ IN infection. Except where stated, data represent pooled values, error bars represent ±s.d., and experiments were repeated for 2--3 times. DP, double positive; FACS, fluorescence-activated cell sorting; HA, hemagglutinin; IFN, interferon; IN, intranasal; IM, intramuscular; IP, intraperitoneal; LLN, lung lymph node; PFU, plaque-forming unit; PI, post infection; VV, vaccinia virus.](mi201235f2){#fig2}

![Co-expression of IFN-ɛ induced a higher level of gut-specific homing markers on K^d^A52R~75−83~-specific CD8^+^ T cell in PP following IN infection. BALB/c mice (*n*=5 per group) were infected IN with 5 × 10^6^ PFU of (**a**) VV-HIV, (**b**) VV-HIV-IFN-ɛ, (**d**) VV-HA, (**e**) VV-HA-IFN-β, and (**f**) VV-HA-IFN-α~4~. Seven days post infection, the percentage of K^d^A52R~75−83~-specific CD8^+^ T cells that expressed gut-specific homing markers (α4β7 and CCR9) were analyzed. (**c** and **g**) The expression frequencies of homing markers on K^d^A52R~75−83~-specific CD8^+^ T cells following IN IFN-ɛ, IFN-β, and IFN-α~4~ infections were calculated as indicated in Methods. All FACS plots, the upper right quadrants (R3) represent gates R1+R2. Data represent pooled values, and experiments were repeated two times. FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; HA, hemagglutinin; IFN, interferon; IN, intranasal; PFU, plaque-forming unit; VV, vaccinia virus.](mi201235f3){#fig3}

![HIV-specific CD8^+^ T effector cell function in systemic and mucosal compartments following rFPV/rVV prime-boost immunization. BALB/c mice (*n*=4--5 per group) were immunized with 1 × 10^7^ PFU of FPV-HIV/VV-HIV or FPV-HIV-IFN-ɛ/VV-HIV-IFN-ɛ using (**a**) combined mucosal systemic (IN/IM) or (**b**) pure systemic (IM/IM) immunization. Two weeks post boost, the percentage of K^d^Gag~197−205~-specific CD8^+^ T cells were evaluated in the spleen, lung, genito-rectal nodes, and Peyer\'s patch using tetramer staining. Spleen data represent average and ±s.d. of five mice (IN/IM, \**P*=0.033) and due to small sample size mucosal data represent pooled values, spleen error bars represent ±s.d. All experiments were repeated at least three times. HA, hemagglutinin; IFN, interferon; IM, intramuscular; IN, intranasal; PFU, plaque-forming unit; rFPV, recombinant fowlpox; rVV, recombinant vaccinia virus; VV, vaccinia virus.](mi201235f4){#fig4}

![Gut-specific homing marker expression on K^d^Gag~197−205~-specific CD8^+^ T cell in Peyer\'s patch. BALB/c mice (*n*=6 per group) were immunized with 1 × 10^7^ PFU of FPV-HIV/VV-HIV or FPV-HIV-IFN-ɛ/VV-HIV-IFN-ɛ using (**a**) combined mucosal-systemic (IN/IM) and/or (**b**) pure systemic (IM/IM) immunization. Two weeks post boost, the percentage of K^d^Gag~197−205~-specific CD8^+^ T cells that expressed gut-specific homing markers (α4β7 and CCR9) were analyzed. (**c**) Comparison of the frequency of homing marker expression on K^d^Gag~197−205~-specific CD8^+^ T cells following IN/IM and IM/IM strategies, and percentage was calculated as indicated in Methods. All fluorescence-activated cell sorting plots, the upper right quadrants (R3) represent gates R1+R2 (similar to [Figure 3](#fig3){ref-type="fig"}). Data represent pooled values, and experiments were repeated two times. HA, hemagglutinin; IFN, interferon; IM, intramuscular; IN, intranasal; PFU, plaque-forming unit; FPV, fowlpox; VV, vaccinia virus.](mi201235f5){#fig5}

![Magnitude and avidity of HIV-specific effector T cells in systemic and mucosal compartments following rFPV/rVV (IN/IM and IM/IM) prime-boost immunization. BALB/c mice (*n*=4--5) were (**a**) primed IN with 1 × 10^7^ PFU FPV-HIV or FPV-HIV-IFN-ɛ and boosted IM with 1 × 10^7^ PFU VV-HIV or VV-HIV- IFN-ɛ or (**b**) primed IM with 1 × 10^7^ PFU FPV-HIV or FPV-HIV-IFN-ɛ and boosted IM with 1 × 10^7^ PFU VV-HIV or VV-HIV-IFN-ɛ. IFN-γ production was assessed by intracellular cytokine staining following H-2K^d^ AMQMLKETI Gag peptide stimulation. (**c**) Following IN/IM immunization, the number of IL-2-producing CD8^+^ T cells were evaluated by ELISpot. (**d**) Avidity of K^d^Gag~197−205~-specific CD8^+^ T splenocytes measured by tetramer dissociation assay. In all graphs (**a**, **b**, and **c**), unstimulated cells were used as background controls and were subtracted from each sample before plotting the data. Spleen data represent average and ±s.d. of five mice, and due to small sample size mucosal data represent pooled values. All experiments were repeated at least three times. HA, hemagglutinin; IFN, interferon; IL, interleukin; IM, intramuscular; IN, intranasal; PFU, plaque-forming unit; rFPV, recombinant fowlpox; rVV, recombinant vaccinia virus; SFU, spot-forming unit; VV, vaccinia virus.](mi201235f6){#fig6}

![HIV-specific memory T-cell responses in systemic and mucosal compartments following IN/IM prime-boost immunization. BALB/c mice (*n*=5) were primed IN with 1 × 10^7^ PFU FPV-HIV or FPV-HIV-IFN-ɛ and boosted IM with 1 × 10^7^ PFU VV-HIV or VV-HIV-IFN-ɛ. Mice were killed 8 weeks post booster immunization, and (**a**) the percentage of K^d^Gag~197−205~-specific memory CD8^+^ T cell was measured by tetramer staining in the spleen, lung, Peyer\'s patch, and genito-rectal nodes following 16 h stimulation with H-2K^d^-binding AMQMLKETI Gag peptide, (**b**) the HIV-specific IFN-γ-producing CD8^+^ T-cell responses were measured by intracellular cytokine staining. All above mucosal data represent pooled values, with the exception of spleen data. Experiments were repeated at least three times. HA, hemagglutinin; IFN, interferon; IM, intramuscular; IN, intranasal; PFU, plaque-forming unit; FPV, fowlpox; VV, vaccinia virus.](mi201235f7){#fig7}
